Osteogenesis imperfecta (OI) is a genetic disorder that results in low bone mineral density and brittle bones. Most cases result from dominant mutations in the type I procollagen genes, but mutations in a growing number of genes have been identified that produce autosomal recessive forms of the disease. Among these include mutations in the genes SERPINH1 and FKBP10, which encode the type I procollagen chaperones HSP47 and FKBP65, respectively, and predominantly produce a moderately severe form of OI. Little is known about the biochemical consequences of the mutations and how they produce OI. We have identified a new OI mutation in SERPINH1 that results in destabilization and mislocalization of HSP47 and secondarily has similar effects on FKBP65. We found evidence that HSP47 and FKBP65 act cooperatively during posttranslational maturation of type I procollagen and that FKBP65 and HSP47 but fail to properly interact in mutant HSP47 cells. These results thus reveal a common cellular pathway in cases of OI caused by HSP47 and FKBP65 deficiency.
Introduction
Osteogenesis imperfecta (OI) is an osteochondrodysplasia characterized by bone fragility and skeletal deformity. In most cases, OI results from defects in the type I procollagen genes, COL1A1 and COL1A2, which affect the quantity or quality of type I collagen present in the bone extracellular matrix. Dominantly inherited structural mutations in the type I procollagen genes affect the folding and structure of the type I procollagen trimer, leading to increased posttranslational modification (overmodification) of the resulting molecules. The overmodified molecules are often poorly secreted and accumulate in the endoplasmic reticulum (ER), leading to an unfolded protein response (1, 2) .
During the past decade, recessively inherited forms of OI, many of which result from mutations in genes implicated in type I procollagen synthesis, have been identified (3) (4) (5) . A related group of these genes includes CRTAP, LEPRE1 and PPIB, which together encode the prolyl 3-hydroxylase complex, responsible for the hydroxylation of a single proline residue (P986) in the α1 (I) chain of type I procollagen. Mutations in the genes in this complex result in a mild degree of posttranslational overmodification, indicating that the complex acts during folding of the type I procollagen trimer (6) (7) (8) .
Recessively inherited mutations in SERPINH1 or FKBP10, the genes which encode the type I procollagen chaperones HSP47 and FKBP65, respectively, result in moderately severe forms of OI characterized by osteopenia, bone fragility and skeletal deformities (9, 10) . SERPINH1 encodes HSP47, a chaperone located in the ER that appears to preferentially recognize and help maintain the folded state of the type I procollagen trimer (11, 12) . Two OI mutations have been reported in SERPINH1, one in dachshunds (13) and one in a single human case of moderately severe OI (9) . In both instances, homozygosity for a missense mutation corresponding to the main functional domain of the protein, a serine-type endopeptidase inhibitor domain recognizing Xaa-Arg-Gly-containing procollagen sequences (14) (15) (16) , was identified. Cultured dermal fibroblasts from the human case synthesized type I procollagen of normal electrophoretic mobility, suggesting that HSP47 acts after procollagen folding and therefore subsequent to the activity of the prolyl 3-hydroxylation complex (9) . In contrast, homozygosity for an Hsp47-null allele in mouse is embryonically lethal at around E10 owing to extreme connective tissue fragility (17) . Mouse cells lacking HSP47 are not able to cleave type I procollagen to its mature form, producing a defective procollagen that accumulates in Golgi compartments. These findings suggest that Hsp47 is essential for synthesis and secretion of type I procollagen (17, 18) .
FKBP10 encodes FKBP65, another type I procollagen chaperone resident in the ER. Null or missense mutations scattered throughout the gene (10, (19) (20) (21) (22) lead to two distinct phenotypes; moderately severe OI and OI with contractures (Bruck syndrome) (19, 23, 24) . Similar to HSP47-mutant fibroblasts, fibroblasts with FKBP65 defects synthesize type I procollagen chains without posttranslational overmodification. This suggests that FKBP65 also acts after the prolyl 3-hydroxylation complex and at a similar stage during type I procollagen maturation as HSP47.
We have identified a familial case of OI caused by homozygosity for a mutation in SERPINH1 that decreases the level of HSP47 protein and has a secondary effect on the level of FKBP65, tying the activities of these two type I procollagen chaperones together. The two chaperones interact and together with type I procollagen are mislocalized within abnormal vesicles in cultured cells from OI cases with mutations in either gene, supporting a connection between the functions of these two proteins during type I procollagen biosynthesis. Abnormal intracellular trafficking and formation of vesicles in OI cases with defective HSP47 or FKBP65 suggest commonalities in the cellular mechanisms in this form of OI.
Results

Clinical findings
Two affected siblings (International Skeletal Dysplasia Registry reference numbers R92-020A and B), offspring of unaffected third cousin parents, were diagnosed with a moderately severe form of OI at the ages of 4 years and 6 months, respectively. No fractures occurred during their first few months of life, but radiographs showed generalized osteopenia ( Fig. 1A-I) , a large anterior fontanel and wormian bones in the skull ( Fig. 1A and E), coxa valga, mild femoral bowing ( Fig. 1B and F) , reduced thorax size ( Fig. 1C and H) and scoliosis with compression fractures in the vertebrae (Fig. 1G) . Hyperextensibility was noted in the fingers, knees and hips. Blue sclerae were not observed, nor was there either dentinogenesis imperfecta or hearing loss. Type I procollagen synthesis and secretion by cultured dermal fibroblasts from one of the siblings (R92-020A) was indistinguishable from control cells ( Fig. 1J and K) . Recurrence, parental consanguinity and normal type I procollagen biosynthesis suggested that a recessive form of OI was segregating in the family. OI results from homozygosity for a mutation in SERPINH1
To determine the etiology of OI in the family (R92-020), the exon sequences of a set of known OI-associated genes were sequenced in DNA derived from R92-020A using a multiplex amplification and high-throughput sequencing approach. The genes analyzed included COL1A1, COL1A2, PLOD2, CRTAP, LEPRE1, PPIB, FKBP10, SERPINH1 and SERPINF1. Homozygosity for a single nucleotide variant in SERPINH1 (c.710T>C) was identified, predicting a single amino acid substitution in the protein ( p.237Met>Thr; Fig. 2 ). The parents were carriers of the sequence change, consistent with autosomal recessive inheritance; DNA from the similarly affected sibling was not available. Sequence alignment of vertebrate HSP47 proteins showed that methionine 237 (M237) is highly conserved (Fig. 2C) , supporting its requirement for the normal function of the protein. M237 is located in the major functional domain of HSP47, the serine-type endopeptidase inhibitor domain responsible for its chaperone function in the folding of fibrillar procollagen molecules. The previously reported missense mutations in HSP47-producing OI in dogs [green arrow in Fig. 2C ; (13) ] and humans [blue arrow in Fig. 2C ; (9) ] were also located in this domain. The genetic data are therefore consistent with the identified HSP47 missense change-producing OI in the family.
SERPINH1 mutation destabilizes HSP47 and FKBP65 at the protein level
To determine the effect of the SERPINH1 variant on HSP47 synthesis, we analyzed cell lysates of cultured dermal fibroblasts by western blot. Compared with control cells, HSP47 in the mutant cells was reduced by ∼50% ( Fig. 3A and C) , suggesting that the mutation decreases the stability of the abnormal protein. To further test this finding, we used protein sequence analysis by liquid chromatography-mass spectrometry (LC-MS) to determine the percentage of wild-type versus mutated HSP47 in protein isolated from cells of one of the carrier parents. This analysis showed that 13% of the total HSP47 was derived from the mutant allele (data not shown), again suggesting that the mutant protein is unstable. At the RNA level, the amount of HSP47 transcript was similar in cells from controls, carriers and the OI case (Fig. 3D) , indicating that decreased HSP47 protein was not the result of reduced transcription or mRNA stability.
Normal hydroxylation of Pro986 of the α1(I) chain (7), the lack of posttranslational overmodification of type I procollagen in HSP47-mutant cells and the preference of HSP47 for triple-helical molecules (11) are consistent with HSP47 acting on folded procollagen after the prolyl 3-hydroxylation complex (6) (7) (8) . Cells derived from cases of recessive OI owing to mutations in FKBP10, Protein alignment of HSP47 sequences from several vertebrate species show high conservation of the residues with OI-related mutations. The R92-020A mutation, resulting in the missense change at amino acid 237, is labeled with a black box and arrow. The previously described human OI case with a missense mutation in another highly conserved residue (L87) is shown in blue, and the dachshund (dog) OI change at residue 326L is shown in green. which encodes another type I procollagen chaperone resident in the ER, also synthesize type I procollagen that is normally posttranslationally modified and have normal hydroxylation of Pro986 of the α1(I) chain (10, 21, 22, 24) . This correlation suggested the hypothesis that HSP47 and FKBP65 might act within the ER at a similar stage of type I procollagen biosynthesis. In addition, expression of the two genes is correlated in the UGET co-expression database (25) showing a mean correlation coefficient of 0.53 (Supplementary Material, Table S1 ). To determine whether the HSP47 deficiency might affect FKBP65, we measured the level of the protein in HSP47 M237T/M237T cells. There was a similar decrease in the amount of FKBP65 as observed for HSP47 ( Fig. 3B and C) , suggesting that the abnormal activity and/or reduced levels of HSP47 protein had a concomitant effect on FKBP65 in the mutant cells. As for the HSP47 transcript, the expression level of FKBP10 was similar in control, carrier and HSP47-mutant cells (Fig. 3E ), eliminating decreased transcription or transcript instability as the cause of decreased FKBP65 protein abundance in the presence of abnormal HSP47.
To determine whether the reciprocal reduction in both HSP47 and FKBP65 protein levels would also be present in cells from an OI case with a mutation in FKBP10, we analyzed proteins synthesized by cells derived from a case of recessive OI homozygous for a FKBP10-null mutation (c.831_832insC) (10) . This mutation produces a translational frameshift ( p.Gly278ArgfsX295) and has been demonstrated to result in complete absence of FKBP65 protein. In these cells, the level of HSP47 protein was similar in FKBP65-mutant and control cells (Fig. 3F-H) , indicating that the loss of FKBP65 does not destabilize HSP47. As expected, there were no changes in the transcript level of HSP47, in accord with the preservation of HSP47 protein levels in the FKBP10-mutant cells (Fig. 3I and J) .
Mutant HSP47 is localized within punctate vesicles that are distinct from the main ER compartment
Under normal conditions, HSP47 and FKBP65 proteins are localized to the ER. To determine whether HSP47 and FKBP65 properly localized in mutant cells, we used immunofluorescence with antibodies against the two proteins. Control fibroblasts showed a reticular staining patterning typical of the ER organelle for both proteins, co-localizing them within the ER (Fig. 4A, D and G) . HSP47-mutant cells showed a more rounded morphology, significantly different than that observed in fibroblasts (Fig. 4B, E and H) . As expected, in HSP47-mutant cells, there was reduced HSP47 protein in most cells: 80% of cells had low HSP47 expression located in the ER, 10% had almost complete loss of signal and 10% had similar signal intensity to WT cells (Fig. 4B, E and H) . In addition, HSP47 showed a punctate staining pattern differing from the reticular pattern observed in control cells. The abnormal staining pattern was characterized by the presence of vesicle-like structures, which labeled with anti-HSP47 antibody (Fig. 4B) . Among cells containing a significant amount of HSP47, many cells showed a massive accumulation of HSP47 protein in the form of vacuolar-like compartments (arrow in Fig. 4B ). In all HSP47-mutant cells, FKBP65 also showed a punctate pattern, partially co-localizing with HSP47 ( Fig. 4E and H) . FKBP65 was also detected in the large vacuolar-like structures containing HSP47 (arrow in Fig. 4E ). Apart from the structures in which the two proteins co-localized, most of which were located at the periphery of the cells, FKBP65 labeling was also present in the main ER compartment where HSP47 staining was largely absent (arrowhead in Fig. 4H ).
As expected, immunofluorescence analysis of FKBP10-mutant cells showed complete absence of FKBP65 (Fig. 4C, F and I) . As predicted by the western data, the overall amount of HSP47 appeared to be similar to control cells, but it did not show the typical ER distribution ( Fig. 4C and I, arrows) . In these cells, HSP47 presented a punctate pattern similar to that observed in HSP47
M237T/M237T cells, and ∼10% of the cells showed ER dilatation in the form of vesicles (Fig. 4C and I, arrows) . These data show that although FKBP10 −/− cells express a normal amount of HSP47, the absence of FKBP65 results in aggregation of HSP47 in vesicles that are not observed in control cells.
To examine the nature of the vesicles, we compared the localization of HSP47 and FKBP65 proteins with ER and Golgi markers. In control fibroblasts, HSP47 co-localized completely with the ER marker PDI (Fig. 5A) . In HSP47
M237T/M237T cells, HSP47 was barely present within the ER and the vesicle-like structures containing the bulk of the HSP47 were partially stained with the PDI antibody, particularly in regions immediately adjacent to the ER compartment, suggesting a possible origin of the vesicles in the ER (arrow in Fig. 5B ). In FKBP10-mutant cells, HSP47 co-localized with the ER marker (Fig. 5C ), including in an abnormal dilated portion of the ER that labeled with both antibodies (arrow in Fig. 5C ). In the Golgi compartment, all three cell lines, control, HSP47 M237T/M237T and FKBP10 −/− , showed that there was no colocalization between HSP47 and Golgin97 antibodies (Fig. 5D-F) . In addition, vesicles accumulating HSP47 and dilated ER in mutant cells were physically separated from the Golgi compartment (arrows in Fig. 5E and F). To determine whether the vesicle-like structures containing HSP47 were related to the Golgi apparatus, we used the ERGIC53 antibody, which labels the ER-Golgi intermediate compartment, the vesicles traveling from the ER to the Golgi. Similar to what was observed in control cells, both mutant cell lines, HSP47 M237T/M237T and FKBP10 −/− , showed HSP47 labeling in ERGIC53-labeled vesicles closer to the ER (Fig. 5G-I ), suggesting that while some HSP47 transits beyond the ER, it is not found in the Golgi and is therefore likely to be recycled from the ERGIC to the ER. Because the co-localization of ERGIC53 and HSP47 was not observed in the large vesicles in HSP47-mutant cells, these vesicles might originate directly from the ER without involvement of the ERGIC. Similar results were observed when we performed immunofluorescence to localize FKBP65. In control cells, FKBP65 colocalized completely with PDI (Fig. 6A) , consistent with its normal ER location. In HSP47
M237T/M237T cells, FKBP65 was localized to the ER (Fig. 6B) as well as to the large HSP47-containing particles (arrow in Fig. 6B ), with no staining of the Golgi and little staining of the ERGIC ( Fig. 6E and H) . Similar to the HSP47 staining, these data suggest that the Golgi is not involved in the generation of the large HSP47-containing vesicles. As expected, the FKBP10 −/− cells did not show any signal with anti-FKBP65 antibody and markers for the ER, Golgi and ERGIC were normally distributed (Fig. 6C, F and I). In control cells, the lack of staining of the ERGIC compartment (Fig. 6G) suggests that FKBP65 is localized and primarily functions within the ER. To determine whether co-localization between HSP47 and FKBP65 corresponds with the physical interaction between these proteins, we performed a Proximity Ligation Assay. This technique allows the identification of in-situ interactions of two proteins at endogenous levels (26) . As observed in control fibroblasts, interaction of these two proteins was observed as single dots in the cytoplasm (Fig. 7A) . The signal was also observed in HSP47-mutant cells; however, the number of interaction was reduced and clustered in a narrow area as opposed to the more dispersed appearance in controls (Fig. 7B and D) . As expected, FKBP10-mutant cells showed an almost complete lack of signal owing to the absence of the FKBP65 protein (Fig. 7C) . These results suggest that HSP47 and FKBP65 are interacting or working in a very close proximity and that abnormalities in either protein lead to abnormal trafficking, which drags a significant fraction of the complex into vesicles.
Vesicles with defective HSP47 and FKBP65 proteins contain type I procollagen As HSP47 and FKBP65 chaperone fibrillar procollagen molecules during their posttranslational processing in the ER, we performed experiments to determine whether type I procollagen was present in the abnormal vesicles together with HSP47 and FKBP65.
As expected, co-localization of HSP47 and type I procollagen was observed in the main ER compartment in control cells (Fig. 8A  and D) . Also as expected, type I procollagen was in the ERGIC and Golgi compartments where HSP47 is not present, consistent with the separation of the two proteins upon exit from the ER (Fig. 8G and J) . In HSP47
M237T/M237T cells, type I procollagen maintained its normal localization in the ER and Golgi (Fig. 8B , E, H and K) but was also found in the HSP47-accumulating vesicles (arrow in Fig. 8B , E, H and K) suggesting that type I procollagen exits the ER with mutant HSP47 and without trafficking through the Golgi. A similar pattern was found in FKBP10 −/− cells, with presence of type I procollagen in the ER, ERGIC and Golgi, as well as in the dilated ER vesicles containing HSP47 (Fig. 8C, F, I and L). The presence of type I procollagen in the abnormal vesicles suggests that some type I procollagen molecules are not being processed normally through the Golgi and might be recycled or removed along with the defective chaperones.
Discussion
HSP47 function is essential for type I procollagen trafficking
A major function of the HSP47 chaperone is to assist in the proper folding of type I procollagen (27, 28) . Loss of Hsp47 in mice is embryonically lethal (17) , revealing an essential role for the protein in early development. Type I procollagen trimers are synthesized in the Hsp47 knockout mice, and the resulting molecules are able to access the Golgi compartment, but they are unable to be cleaved at their amino-and carboxyl-termini (17, 29) . Thus, the absence of mature procollagen in the mice likely explains the lethal phenotype. In contrast, our data and previously published recessive OI cases with HSP47 missense mutations (9,13) demonstrate that mature type I collagen trimers can be synthesized, indicating that the mutant HSP47 retains partial function that allows synthesis, secretion and maturation of type I procollagen. While most of the procollagen is normally secreted, a fraction is translocated from the ER compartment to vesicles. Thus, HSP47 appears to have a dual function, first to assist with procollagen assembly in the ER and subsequently to assist in trafficking of trimeric molecules to the Golgi.
Hsp47 and FKBP65 cooperate in type I procollagen processing
Our experiments showed that protein levels of FKBP65 are reduced and mislocalized in HSP47 M237T/M237T cells, identifying a relationship between the functions of the two molecules. While FKBP10 −/− cells did not show a reciprocal effect on HSP47 protein levels, some HSP47 was mislocalized within the FKBP10-mutant cells, again suggesting that the functions of the two molecules are interdependent and that they cooperate in type I procollagen biosynthesis. The precise mechanism by which FKBP65 is destabilized in HSP47
M237T/M237T cells is not clear. One possibility is that the incorporation of defective HSP47 into vesicles leads to FKBP65 being dragged into the vesicles and degraded. The co-localization of the two proteins in abnormal ER vesicles suggests that HSP47 and FKBP65 are processed together in HSP47 M237T/M237T cells. As both proteins participate in type I procollagen biosynthesis and type I procollagen is found in the abnormal vesicles in HSP47 M237T/M237T and FKBP10 −/− cells, perhaps the failure to properly process type I procollagen is the common event that leads to vesicle formation. This hypothesis supports the notion that there is an interaction among HSP47, FKBP65 and type I procollagen within the ER, which results in OI when it is disrupted. Co-immunoprecipitation experiments failed to demonstrate a direct interaction in either cultured fibroblast or bone lysates (data not shown), suggesting that the interaction is either indirect or that there is a direct interaction, which is either weak or transient. However, the Proximity Ligation Assay data suggest that HSP47 and FKBP65 physically interact in subcellular compartments that include the ER in control fibroblasts and the abnormal vesicles in HSP47-mutant cells. Furthermore, a reduction/absence of this functional interaction in the OI-mutant cells suggests that cooperation of these two proteins is failing during the synthesis of type I procollagen in these cells. We suggest that the similarity in phenotype between OI cases with mutations in either gene could be explained by the similar consequences on type I procollagen synthesis and the resulting cell biological effects. Overall these data confirm that homozygosity for HSP47 missense mutations can produce moderately severe OI and establish an intracellular relationship between HSP47 and FKBP65, suggesting that they work together during type I procollagen biosynthesis. The data further show that mutant HSP47 leads to diminished FKBP65 protein. While loss of FKBP65 does not affect HSP47 levels, it does lead to HSP47 mislocalization. Co-localization of HSP47 with ERGIC proteins demonstrates that HSP47 transits with type I procollagen from the ER to the ERGIC. Abnormal HSP47 may contribute to the failure of type I procollagen to be properly trafficked to the Golgi, leading to the formation of intracellular vesicles. Failure of this cooperation alters type I procollagen trafficking and leads to its accumulation in ER-related vesicles These results thus reveal a common cellular pathway in cases of OI caused by HSP47 and FKBP65 deficiency.
Materials and Methods
Clinical information and DNA isolation
Patients and their family members were assessed under an approved human subjects protocol. Clinical information and radiographs were reviewed to determine the diagnostic findings in the affected individuals. DNA was isolated from blood or cultured fibroblasts via a standard manufacturer's protocol (QIAGEN).
Cell culture and analysis of collagenous proteins
Dermal fibroblast cultures were established from explanted skin biopsies from the cases (International Skeletal Dysplasia Registry reference numbers R92-020A and R93-188A and B) and the parents (R92-020C and R92-020D). Fibroblasts from affected individual and controls were plated at confluence (250 000 cells) in 35-mm tissue culture dishes in Dulbecco-Vogt Modified Eagle Medium supplemented with 10% FBS. For procollagen biosynthesis studies (30, 31) , confluent cells were starved of proline in serum-free medium supplemented with 50 m ascorbic acid for 1 h and then labeled in serum-free medium with 100 mCi/ml [2,3,4,5-3 H] proline. After labeling, cells were rinsed twice with complete medium with 50 m ascorbic acid, and fresh chase medium was added that contained 12 m proline. Then, the medium was decanted and the cell layer scraped into a separate tube in PBS. Protease inhibitors were added to both, and the collagenous proteins were precipitated with 50% v:v ethanol and carrier collagen in the presence of 15 m iodoacetamide added to prevent new disulfide bond formation. Precipitated proteins were resuspended in SDS-sample buffer and separated on 5% SDS-PAGE under nonreducing conditions. All gels were fixed, treated with Enhance and dried. Radiolabeled bands were visualized by autoradiography.
Immunolocalization, immunoprecipitation and western blotting
Immunofluorescence experiments were performed using a Leica SP2 laser scanning confocal microscopy in the UCLA Advance Light Microscopy/Spectrometry core. Cultured fibroblasts were fixed in 4% PFA in PBS, then, washed and permeabilized with 0.1% Triton X-100 for 5 min, followed by blocking in 10% goat serum for 1 h. Fluorescent secondary antibody was incubated at a 1 : 1000 dilution for 1 h at room temperature antibody (alexa-fluor goat antimouse 488 and goat anti-rabbit 568 for all the samples), and DAPI at a 1 : 1000 dilution for 5 min at room temperature was applied before mounting. For immunoprecipitation, proteins were extracted with RIPA buffer and pulled down with anti-HSP47 (1 : 500 Enzo Life Sciences and Protein A/G Plus agarose, Santa Cruz sc-2003) antibody, overnight at 4°C. Immunoprecipitates were washed in PBS, collected and separated by SDS-PAGE. Gels were stained with Coomassie Blue, and parallel western blots were probed with HSP47 antibody to confirm the immunoprecipitation. The corresponding band stained with Coomassie blue was cut out for trypsin digestion and analysis by liquid chromatography-mass spectrometry (LC-MS) as described (6) .
For western blot analyses, proteins lysates were separated by electrophoresis through a 10% SDS-polyacrylamide gel, transferred to PVDF membranes, blocked in 5% milk and probed with primary antibodies (anti-Hsp47 antibody, 1 : 500 Enzo Life Sciences M16.10A1; rabbit anti-FKBP65 1 : 5000, Proteintech 12172-1-AP; rabbit anti-GAPDH 1 : 2000 Cell Signaling 2118S). Peroxidase-conjugated secondary antibodies (Cell Signaling 7071 and 7072) were used and immunocomplexes identified by using the ECL detection reagent (Cell Signaling 7003). MannWhitney test was performed for statistic analysis using Prism software.
Quantitative RT-PCR
Total RNA was extracted from cultured dermal fibroblasts at 80% confluence using TRIZOL (Invitrogen 15596), treated with DNAase (Invitrogen 18068) and reversed-transcribed (Thermo Scientific K1621) according to the manufacturer's instructions. Quantitative PCR was performed with a real-time PCR detection system (Stratagene MX3005P) using SYBR green PCR master mix (Thermo Scientific K0222) and standard thermocycler conditions. PCR was performed in a total volume of 25 μl in at least three independent experiments. Each sample was analyzed for at least two housekeeping genes to normalize for RNA input amounts and to perform relative quantifications. Levels of transcripts in controls were set at 1. Melting curve analysis showed a single, sharp peak with the expected temperature melting for all samples. Primers were designed with pairs from multiple different exons wherever possible (Supplementary Material, Table S1 ).
Proximity Ligation Assay
In situ interactions were detected by Proximity Ligation Assay kit, Duolink (SIGMA, DUO92101) (26, 32) . Fibroblast cells were fixed and permeabilized as described for immunofluorescence. Antibody incubation and probe amplification were performed according to the manufacturer's instructions. As a negative controls we performed the proximity ligation assay in absence of one of the primary antibodies and on null allele cells for FKBP65 (see Supplementary Material, Fig. S1 ).
Supplementary Material
Supplementary Material is available at HMG online.
